A permeation-diffusion-reaction model was applied to study gas exchange of apple fruit (Kanzi, Jonagold, and Braeburn) as effected by morphology and respiratory metabolism. The gas exchange properties and respiration parameters of the fruit organ tissues were measured. The actual internal tissue geometry of the fruit was reconstructed from digital fruit images and the model was solved over this geometry using the finite element method. The model was validated based on measurements of internal gas concentrations and the gas flux of the fruit to its environment. Both measurements and an in silico study revealed that gradients of metabolic gases exist in apple fruit, depending on diffusion properties and respiration of the different cultivars. Macroscale simulation confirmed that Jonagold has large potential for controlled atmosphere (CA) storage while low diffusion properties of cortex tissue in Braeburn indicated a risk of storage disorder development. Kanzi had less O 2 anoxia at CA storage compared with Braeburn.
Introduction
Metabolic processes such as photosynthesis and respiration in biological plant materials are reflected in their rate of gas exchange with the external environment. Gas exchange is caused by differences in gas concentrations between the external atmosphere and the internal atmosphere of plant organs. In bulky organs, such as fruits and roots, these gradients exist due to O 2 consumption and CO 2 production during respiration and fermentation (Kader, 1988; Geigenberger et al., 2000; Ho et al., 2008) . In developing seeds, there is a combination of respiration and photosynthesis that causes large gradients in gas concentrations (Rolletschek et al., 2002 (Rolletschek et al., , 2003 Borisjuk and Rolletschek, 2009 ). In leaves, gradients are created by photosynthesis, photorespiration, and respiration (Morison et al., 2005; Warren et al., 2008) .
Gas exchange is particularly relevant for bulky plant organs such as apple and pear fruit that, after harvest, are stored under a controlled atmosphere with reduced O 2 and increased CO 2 levels to extend their commercial storage life. Anoxia may occur under deviating storage conditions, eventually leading to cell death and loss of the product (Peppelenbos and Oosterhaven, 1998; Lammertyn et al., 2000; Ma and Chen, 2003; Veltman et al., 2003; Franck et al., 2007) . The microstructure is believed to contribute significantly to gas transport properties of tissue resulting in internal gas concentration gradients . The fruit organ architecture and the tissue diffusion and respiration properties need to be understood to verify this hypothesis and to help explain internal gas gradients (Lammertyn et al., 2001a; Schotsmans et al., 2003 Schotsmans et al., , 2004 Ho et al., 2006a) .
Because measurement of internal gas gradients has been difficult, mathematical modelling approaches have been applied to study gas exchange in plant organs. Denison (1992) developed a reaction-diffusion model for oxygen diffusion and respiration in legume root nodules and found large effects of flooding of the intercellular space on O 2 permeability. Aalto and Juurola (2002) constructed a threedimensional model of CO 2 transport in leaves and implemented it into a computational fluid dynamics code. The model accounted for the actual 3D microstructure of a leaf. The authors used the model to investigate the effect of stomatal opening, photosynthetic capacity, temperature, and increased ambient CO 2 levels on total CO 2 flux. Recently, a gas modelling approach was developed to study gas exchange of pear fruit with their external environment . The model incorporated the actual shape of the fruit and tissue architecture and predicted respiratory gas concentration internal gas concentrations including permeation, diffusion, and respiration kinetics. The predicted internal gas profiles were not verified by measurements of internal gas concentrations. The applicability of the approach to other species and cultivars was not verified.
Metabolic and morphological properties cause gas gradients in plant organs. In turn, such gas gradients may lead to low oxygen that will cause metabolic and morphological adaptation of the plant organs. In this article, the aim was to validate the gas exchange model of Ho et al. (2008) to understand better post-harvest physiology in low oxygen caused by genotype differences in metabolic and morphological properties. Fruits from three commercial apple genotypes (Kanzi, Jonagold, and Braeburn) are evaluated by comparing predictions to measurements of internal gas concentrations. Jonagold is a typical commercial genotype for long-term storage at ultra-low oxygen (ULO) (Saquet et al., 2000) , while Braeburn has shown a large susceptibility to physiological disorders in storage (Gong et al., 2001) . Kanzi is a new genotype apple.
Measured gas exchange properties of tissues (skin, cortex, and core) are applied to the fruit model to study if the tissue aeration process relates to storage conditions of the different apple genotypes. The specific aim of the study is then to determine optimal controlled atmosphere environments for different genotypes based on the methodology presented.
Materials and methods

Materials
The experiments were performed on fruits of three apple genotypes (Kanzi, Braeburn, and Jonagold) . Fruit were harvested in the autumn at the experimental garden of the Experimental Centre of Fruit Growing (pcfruit, Velm, Belgium) in 2007. Jonagold and Kanzi were cooled and stored under controlled atmosphere (CA) of 1% O 2 , 2.5% CO 2 , and 3% O 2 , 0.7% CO 2 at 1°C, respectively. Braeburn was cooled and stored for a period of 21 d at 1°C preceding CA storage (3% O 2 , 0.7% CO 2 at 1°C) until they were used for the experiments.
Model of gas exchange in intact fruit
A permeation-diffusion-reaction model was constructed to describe the diffusion and permeation processes in apple tissue for the three major atmospheric gases O 2 , CO 2 , and N 2 . In this continuum model, the transport on the microscale was volumeaveraged to a macroscopic equation containing apparent parameters for the macroscopic properties of the tissue. Equations for transport of O 2 , CO 2 , and N 2 were established by Ho et al. (2006b Ho et al. ( , 2008 :
and at the boundary
with a i the gas capacity of the component i (O 2 , CO 2 , and N 2 ) of the tissue (Ho et al., 2006b) , D i (m 2 s À1 ) the apparent diffusion coefficient, u (m s À1 ) the apparent velocity vector, R i (mol m À3 s À1 ) the production term of the gas component i related to O 2 consumption or CO 2 production, = (m À1 ) the gradient operator, and t (s) the time. The index N refers to the gas concentration of the ambient atmosphere. The gas capacity a i is defined as (Ho et al., 2006b) :
where e is the porosity of tissue, C i,g (mol m À3 ) and C i,tissue (mol m À3 ) are the concentrations of the gas component i in the gas phase and the tissue, respectively. The concentration of the compound in the liquid phase of the fruit tissue normally follows Henry's law represented by constant H i (mol m À3 kPa À1 ). R (8.314 J mol À1 K À1 ) is the universal gas constant and T (K) the temperature. The first term in equation (1) represents the accumulation of gas i, the second term the permeation transport driven by an overall pressure gradient, the third term the molecular diffusion due to a partial pressure gradient, and the last term consumption or production of gas i because of respiration or fermentation. Permeation through the barrier of tissue by the pressure gradient was described by Darcy's law (Geankoplis, 1993) :
with K (m 2 ) the permeation coefficient, P (Pa) the pressure, and l (Pa s) the viscosity of the gas. The relation between gas concentration and pressure was assumed to follow the ideal gas law (P¼CRT). Note that the empty core was modelled and treated as air space with a diffusivity equal to that of air (1.6310 À5 m 2 s À1 ; Lide (1999)), and a gas capacity a of 1. Since there would be no total pressure gradient within the core, the convection term disappeared in the core.
Gas transport properties and respiration measurement
Diffusivity measurement: The apparent diffusivity of apple tissue samples was measured with the setup and procedures developed by Ho et al. (2006a) . The system used to measure gas transport properties of fruit tissue consisted of two chambers (measurement chamber and flushing chamber) separated by the disc-shaped tissue sample. Due to the different applied gas concentrations between the two chambers, gas diffusion took place. The O 2 and CO 2 concentrations were measured in the measurement chamber with fluorescent optical probes (Foxy-Resp and FCO 2 -R; Ocean Optics, Duiven, The Netherlands). The gas diffusion properties were then estimated from the gas concentration profiles as described by Ho et al. (2006a) . The N 2 diffusivity was determined indirectly from the difference between the total pressure and the O 2 partial gas pressure of the binary O 2 -N 2 gas mixture (Ho et al., 2006b) .
Permeation properties of apple epidermis and cortex tissue were determined by measuring the total pressure difference between two chambers separated by a tissue sample (Ho et al., 2006b ). Both chambers were flushed with humidified N 2 gas at 10 l h À1 . The pressure was adjusted so as to obtain a 6 kPa pressure difference between the measurement and flushing chamber. The inlet and outlet valves of one chamber were closed, and the decrease in pressure of this chamber was monitored for at least 4 h. The permeability was then estimated from this pressure drop using the procedure described by Ho et al. (2006b) .
To determine gas diffusivity of the different cortex tissues in each genotype, 16 samples of cortex tissue were taken on the fruit equator along the radial direction at a relative position x/R from the fruit centre between 0.2 and 0.8; eight samples of cortex tissue were measured in the vertical direction for each genotype. Details of sample preparation are reported in the Supplementary data (S1) at JXB online. To determine gas diffusivity of skin tissue, 6-8 samples of the skin were measured for each genotype. Samples with an approximate thickness of 0.6 mm were obtained by means of a razor blade.
Respiration kinetics
A non-competitive inhibition model (Hertog et al., 1998; Ho et al., 2008) was used to describe the respiration rates R of the tissue. Cortex tissue samples were prepared and tissue respiration rate was measured in airtight glass jars at different initial gas concentrations. Since the respiration rate was assumed to be determined by one rate-limiting enzyme reaction, the Michaelis-Menten constant which is a ratio of rate constants, would be expected to be relatively independent of temperature (Hertog et al., 1998) . The K m value for O 2 and CO 2 was, therefore, assumed to be constant. On the other hand, the maximal O 2 consumption rate V m,O 2 and maximal CO 2 production rate, V m,f,CO 2 are functions of the initially available enzyme concentration (Hertog et al., 1998) . Respiration model parameters were estimated by fitting the respiration kinetics model equations to the experimental respiration rate data using the non-linear least square estimation procedure of Matlab (The Mathworks, Inc., Natick, USA). More details of sample preparation and the respiration kinetics model are described by Ho et al. (2008) .
Apple tissue samples were placed in air-tight glass jars with three repetitions for each gas condition. The respiration rate was measured on apple tissue at 20°C at 0, 0.5, 3, 5, and 20 kPa O 2 combined with 0 kPa of CO 2 . To study the inhibitory effect of CO 2 , respiration measurements were carried out at 0, 5, and 20 kPa O 2 in combination with 10 kPa CO 2 . For quantifying the effect of temperature on the respiration rate, measurements were carried out at 5, 10, and 20°C at 0 and 20 kPa O 2 in combination with 0 kPa CO 2 .
Geometrical apple model construction
The geometrical model of the apples was constructed based on digital images of apple taken from apple cuts along the vertical axis (Fig. 1) . The images were then exported to the Matlab software environment (Matlab 7.3.0, The Mathworks, Natick, Massachusetts) for image processing (digitization). The apple image was digitized to extract the contours of the apple (segmenting the apple from the background) and the core of the fruit. The contour of half of the fruit was obtained; the central axis of the apple coincided with the y-axis in a 2D axi-symmetric geometry representation. In Fig. 1B different internal apple regions are indicated based on the following definitions. The skin was defined as the layer having the same thickness of the sample of skin tissue (0.6 mm) that was used in the diffusivity measurement. The skin layer was obtained by shrinking the contour of the apple shape along the normal vector on each node of the contour. The inner cortex and outer cortex were defined from measured differences in diffusivity along the radial axis and obtained by determining the contour where the relative position in the radial axis was 0.65. Note that the inner cortex and outer cortex were not different in terms of diffusivity in Jonagold, while a large difference in diffusivity was found in Kanzi (See Supplementary Table S3 and Supplementary Fig. S3 at JXB online). The geometrical description based on contour information was transferred to the software package Comsol 3.3 (Comsol AB, Stockholm), where a finite element mesh was generated on the apple geometry. Equations 1-3 were discretized over this mesh and solved using the finite element method in Comsol.
Gas exchange measurement
Steady gas concentration profiles in intact fruit: The O 2 concentration in the centre of intact apple fruit was measured with fluorescent optical probes (Foxy-18G probe with overcoat, Ocean Optics, Duiven, The Netherlands). A rubber septum (thickness of 2 mm) was glued on the surface of the fruit with cyano-acrylate glue (Super glue, Loctite-Henkel, Belgium) to avoid leaking of atmospheric gas through the epidermis tissue to the measurement position. The needle probe was inserted through the septum and along the equatorial radial direction at 3 mm, 13 mm, and 24 mm depth from the skin surface. Probes were calibrated in water with dissolved O 2 at different concentrations. Afterwards, a second calibration was performed to correct for sensor drift (Ho et al., 2006a) . The sensor uses fluorescence quenching of a ruthenium complex by O 2 , which diffuses in a dye covering the tip of the fibre optic probe.
Unsteady gas exchange of intact fruit in jars: The intact fruits were placed in 1.7 l glass jars. After an adaption of 24 h, during which the jar head space was flushed with a known gas mixture, the jars were closed. The O 2 and CO 2 gas partial pressures changes with time were measured with a gas analyser (Checkmate II, PBI Dansensor, Denmark) during the respiration period.
Results
Gas diffusion measurement
Measurements of the O 2 and CO 2 diffusivity along the radial direction are shown in Fig. 2 . A large variation of O 2 and CO 2 diffusivity was observed in Kanzi, Jonagold, and Braeburn. The diffusivities of O 2 and CO 2 were the smallest for the skin. Based on linear regression analysis it was found that along the radial direction of the cortex tissue of Genotype effects on internal gas gradients in apple fruit | 2747
Braeburn the O 2 diffusivity slightly increased with distance from the centre; in Kanzi both the O 2 and the CO 2 diffusivity increased significantly with distance from the centre (see Supplementary Table S1 and Supplementary  Fig. S3 at JXB online). There was no clear trend of the O 2 and CO 2 diffusivities along the vertical axis since variation was observed in the three apple genotypes (see Supplementary Fig. S1 at JXB online). Table 1 summarizes the mean value and 95% confidence intervals of the mean value of the O 2 and CO 2 diffusivity. The average O 2 diffussivity of the skin of Kanzi, Jonagold, and Braeburn ranged from 1.5310 À10 m 2 s À1 to 3.1310 À10 m 2 s À1 while the average CO 2 diffussivity was 3.1310 À10 m 2 s À1 to 9.8310 À10 m 2 s À1 . Diffusivity of the cortex tissue was one magnitude larger than that of the skin. A paired t test showed that both the skin diffusivity as well as the radial and vertical cortex diffusivity of O 2 was significantly lower than that of CO 2 for each genotype (see Supplementary Table S2 at JXB online). Further, a t test between genotypes showed that the radial diffusivity of Jonagold inner cortex tissue (0.35<x/R<0.65) was significantly higher than that of Kanzi and Braeburn for both O 2 and CO 2 . There were no significant differences between Kanzi and Braeburn with respect to both the diffusivity of O 2 and CO 2 .
Significant differences were found between the O 2 diffusivity of the inner cortex (x/R <0.65) and the outer cortex (x/R >0.65) of Kanzi. By contrast, the average CO 2 diffusivity of the outer cortex was not significantly different from that of the inner cortex. The skin had the lowest permeability with average values of 0.27310 À17 m 2 , 0.59310 À17 m 2 , and 0.59310 À17 m 2 for Kanzi, Jonagold, and Braeburn apple, respectively. The gas permeability in cortex tissue along the radial direction was higher than along the vertical axis and in the skin for Kanzi and Jonagold. However, there was no significant difference, possibly due to a large variation among the samples (Table 2) .
Tissue respiration kinetics
The respiration rates of the three apple genotypes as a function of O 2 partial pressure are shown in Fig. 3 . The respiration rate increases dramatically at concentrations of O 2 from 0 kPa to 5 kPa, and becomes stable at higher concentrations of O 2 . The effect of CO 2 on respiration rates of the three apple genotypes was not very clear. An increased CO 2 partial pressure tends to decrease the respiration rate. The non-competitive inhibition model described well the measured values of O 2 consumption and CO 2 production rates of cortex tissue for Kanzi, Jonagold, and Braeburn apples. The R adj 2 values for O 2 consumption and CO 2 production were 0.94, 0.94, and 0.91 in Kanzi, Jonagold, and Braeburn cortex tissue, respectively. K m,O 2 , the O 2 concentration at which half of maximal value of O 2 consumption can be reached, was small. The results showed that the estimated value of K m,O 2 was 0.6160.24 kPa for Kanzi while the values for Jonagold and Braeburn were 1.6460.32 kPa and 0.4660.22 kPa, respectively. High values with a high variation were found for the K mn,CO 2 of Kanzi (1686212 kPa), Jonagold (1636149 kPa), and Braeburn (80.2656.7 kPa). The high values and high variation of K mn,CO 2 indicate that CO 2 does not have a relevant effect on apple respiration. Similar results were also found by Peppelenbos and Van't Leven (1996) for Golden Delicious apple (K mn,CO 2 ¼64650 kPa) and Elstar apple (K mn,CO 2 ¼916126 kPa). The values of r q,ox were 1.0360.1, 1.0260.08, and 1.0560.1 for Kanzi, Jonagold, and Braeburn, respectively. K m,f,O 2 was small for Kanzi (0.7860.37 kPa), Jonagold (0.8960.36 kPa), and Braeburn (0.4760.27 kPa), indicating a rapid decrease of the fermentation metabolism with increasing oxygen. The kinetic parameters and their 95% confidence interval are given in Table 3 .
Gas exchange in intact fruit
The permeation-diffusion-respiration model was solved to describe the diffusion and permeation processes in apple tissue for the three major atmospheric gases O 2 , CO 2 , and N 2 . The used gas exchange properties are shown in Table 4 . Kinetic parameters were considered to vary from batch to batch, depending on fruit maturity and season. In the validation, parameters of V m,O 2 and V m,f,CO 2 were therefore taken from the values of the intact fruit measured from the batch used in the validation experiments. a Value of intact fruit, expressed at 283 K 695% confidence interval. The core was treated as an air space with diffusivity of the air (1.6310 À5 m 2 s À1 ; Lide, 1999) .
Simulations of the O 2 , CO 2 , and N 2 distribution inside the fruit are shown in Fig. 4 . Due to the diffusion barrier, a concentration gradient was found inside the apples. A decrease of the O 2 partial pressure and an increase of CO 2 partial pressure towards the centre of the fruit were observed. A steep gradient was predicted in the epidermis. This was due to the low diffusion properties of the skin compared to the cortex. The modelled cortex concentration gradient was the least steep in Jonagold, then in Kanzi, and the steepest gradient was observed in Braeburn. This was expected since the gas diffusion properties of cortex tissue increased from Braeburn over Kanzi to Jonagold.
O 2 concentration inside the fruit: experiment versus model
The measurements show that the O 2 concentration in the apple tissue was considerably lower than that of the ambient atmosphere (Fig. 5) . Steep O 2 gradients just beneath the skin were observed, indicating a high diffusion barrier of the skin. The O 2 concentration decreased further towards the core of the fruit. This confirms the existence of O 2 concentration gradients from the surface to the core of the fruit. The calculated O 2 profiles from the surface to the centre along the radial direction are shown with a solid line in Fig. 5 . The calculated O 2 concentration decreases parabolically towards the centre with slight differences in slope between the inner and outer cortex.
No measurements could be taken directly under the skin. To verify the goodness of fit, the O 2 diffusion model was therefore fitted to the measurements. The resulting values of diffusivity were compared with the experimental ones.
The estimated values of O 2 diffusivity of skin and cortex (lumped value of inner and outer cortex) obtained from fitting of the O 2 diffusion model to the measured O 2 concentration in the fruit were comparable and in the range of measured diffusivity, except for larger values of estimated diffusivity of the skin of Jonagold and Kanzi (see Supplementary Table S3 at JXB online). The Jonagold agreement thus looks weak compared with others, due to the lower diffusivity measured on the skin samples than those obtained from the fit. In both cases, however, the standard error was relatively large. Other approaches, such as microscale simulations, need to be undertaken to investigate such differences in more depth (Ho et al., 2009 ).
Unsteady gas exchange of intact fruit
The results of the dynamic gas exchange experiments with intact fruit are shown in Fig. 6 . The change of the O 2 and CO 2 partial pressures in the jars was caused by the respiration of the fruit. The O 2 partial pressure in the jars decreased during the measurements due to O 2 consumption of the fruit while the CO 2 partial pressure increased due to CO 2 production by respiration. At 0 kPa O 2 , the CO 2 was produced by the fermentative respiration process and this further increased the CO 2 level in the closed jars. The model predictions for both the O 2 and CO 2 partial pressure in closed jars clearly compared well with the experimental data for very different initial oxygen conditions.
Gas transport properties in relation to controlled atmosphere (CA) storage of apples Decreasing the temperature can be used to reduce the concentration gradient inside the fruit (Fig. 7) , as is widely applied in fruit storage. Apple fruit can be commercially stored at ultra-low oxygen (ULO) for a long period (Saquet et al., 2000) . An in silico simulation was applied at a condition of 1 kPa O 2 , 2.5 kPa CO 2 at 1°C (a typical commercial CA storage condition of Jonagold) for the different genotypes of apple. Computational analysis showed that the O 2 concentration near the core of the Jonagold fruit decreased to a value of 0.5 kPa (50% of the external O 2 concentration) while Kanzi showed an O 2 concentration near the core of 0.16 kPa at the same storage condition. Braeburn has a high risk of anoxia near the core at these ultra-low O 2 storage condition since the O 2 concentration reached to a level of 0.014 kPa.
Discussion
Low values of diffusivity of the skin were measured in the different apple genotypes. Schotmans et al. (2003) and Ho et al. (2006a) also observed a low diffusivity of the skin in other fruit (3.3310 À10 m 2 s À1 and 1.86310 À10 m 2 s À1 for O 2 diffusivity; 4.3310 À10 m 2 s À1 and 5.06310 À10 m 2 s À1 for CO 2 diffusivity, respectively). The values of diffusivity of the cortex tissue were at least one order of magnitude larger than that of the skin. Also Mannapperuma et al. (1991) found values of 2.67310 À9 m 2 s À1 and 3.28310 À9 m 2 s À1 for the O 2 and CO 2 diffusivity of 'Golden Delicious' apple tissue while an O 2 diffusivity of 1.71310 À9 m 2 s À1 and CO 2 diffusivity of 19.5310 À9 m 2 s À1 was reported in pear cortex tissue by Lammertyn et al. (2001a) . The CO 2 diffusivity was much higher than the O 2 diffusivity for each genotype. This is due to the high solubility of CO 2 in the liquid phase, which facilitates the CO 2 gas exchange in the tissue microstructure (Ho et al., 2009) . Figure 8A shows the O 2 diffusion properties of the different apple genotypes and Conference pear as a function of porosity. The values of D 0 2 ,tissue and V m,O 2 of Conference pear were taken from Ho et al. (2006a) and Lammertyn et al.(2001b) , respectively. There is clearly a relationship between porosity and diffusivity: a large porosity facilitates gas exchange and leads to a large diffusivity.
A large variability of the measured permeation properties was observed among the samples. While diffusion dominates the gas transport process in intact fruit, differences in diffusion rates of the different gases leads to total pressure gradients that caused convective exchange as described by the permeation process. The high variation of measured permeation properties did not affect the local respiratory gas profiles to a large extent (see more detail in Supplementary Fig. S2 at JXB online) .
Michaelis-Menten kinetics has been applied widely to describe the respiration characteristics from intact fruits to the cellular level (Peppelenbos and van't Leven, 1996; Hertog et al., 1998; Lammertyn et al., 2001b; Ho et al., 2008) . It was observed here that the values of the maximal O 2 consumption rate V m,O 2 and the maximal CO 2 production rate V m,f,CO 2 of tissue were larger than those of the intact fruit. This might be due to increased respiration due to a stress response of the tissue when cut (Kato et al., 2002; Hodges and Toivonen, 2008) . Such effects are difficult to quantify because there is currently no method available to measure in vivo respiration kinetics. However, it may explain some of the mismatches of V m,O 2 and V m,f,CO 2 between tissue and intact fruit. For the macroscale model, the values of V m,O 2 and V m,f,CO 2 were taken from the values of the intact fruit measured from the batch used in validation. A good agreement was found between the model and the experiment (Figs 5, 6) . Note that V m,O 2 and V m,f,CO 2 depend on initially available enzyme concentration (Hertog et al., 1998) . Therefore, those values may change with fruit maturity and season.
The measured O 2 concentration inside the fruit in Fig. 5 confirmed the existence of concentration gradients in apple fruit as predicted by the gas exchange model. Gradients were also observed in seeds reported by Rolletschek et al. (2003 Rolletschek et al. ( , 2004 and Borisjuk and Rolletschek (2009) . Note that, in seeds, embryo photosynthesis has been shown to elevate the internal O 2 concentration from anoxia up to approximately 50% of atmospheric levels (Rolletschek et al., 2003) . Here, values were as low as 0.75% in Braeburn to 36.7% in Jonagold apple for ambient conditions of 20% and 20°C. In contrast to our findings, Schouten et al. (2004) found no O 2 gradient in pear fruit with a similar measurement methodology. When we inserted the needle into the fruit without using a septum, as in their experiment, no O 2 gradients were found either, most probably because of leaking of atmospheric O 2 along the length of the probe because of the very high diffusivity or O 2 in the air (1.6310 À5 m 2 s À1 ) compared to liquid (2.01310 À9 m 2 s À1 ) (Lide, 1999) . When a rubber septum glued onto the surface of the fruit to avoid leaking was used, large O 2 gradients were found. The absence of O 2 gradients by Schouten et al. (2004) might, therefore, be a measurement artefact.
The shape of the apple fruit is more similar to the sphere than the cylinder. Therefore, the model was simplified with variations of gas concentrations in the radial direction (r), which was implemented by means of different diffusivity values in the inner and outer cortex (Table 1) . A simulation taking into account a smaller vertical diffusion resulted in lower O 2 and larger CO 2 concentrations in the centre of the fruit. The extreme case of ambient air at storage temperature (20.8% O 2 , 0% CO 2 , 1°C) was considered. Small O 2 concentration differences of -0.47, -0.39, and -0.15 kPa and small CO 2 concentration differences of 0.12, 0.2, and 0.19 kPa for Kanzi, Jonagold, and Braeburn, respectively, were found, taking into account smaller vertical diffusivity compared with simulation without smaller vertical diffusivity. These differences were insignificant for the overall physiological processes in the fruit.
The model was applied to different genotypes of apple fruit. Prediction of the internal gas concentration on those genotypes showed considerable differences. Internal gas partial pressure affects its respiration, and, hence, energy levels as well as the oxidation state of the antioxidant system (Rolletschek et al., 2002; Franck et al., 2007) . The gas exchange model may, therefore, be useful for predicting the internal gas concentration in order to control the plant's metabolism by changing the oxygen availability to the correct level without causing anoxic conditions in the centre of the fruit.
Anoxia due to the high diffusion barrier and metabolic rate may lead to physiological disorders in the centre of the fruit. Conference pear has been reported to be susceptible to physiological disorders when the fruit was stored at low O 2 condition (1% O 2 , 5% CO 2 at -1°C; Franck et al., 2007) . Similar results were also found with Braeburn when the fruit was stored at 1.5% O 2 , 1.25% CO 2 at 0°C (Gong et al., 2001) . Susceptibility to physiological disorders may, therefore, be related to high respiration and low diffusion properties of plant tissue (Fig. 7B ). Conference pear has been shown to have a high O 2 consumption rate (Lammertyn et al., 2001b) compared with other apple fruits.
From the results of the CA storage computation, it has been demonstrated that Jonagold is indeed suitable for long-term storage without a high risk of storage disorder development (Saquet et al., 2000) , while Braeburn has a high sensitivity to browning at ULO storage conditions (1.5% O 2 , 1.25% CO 2 and 0°C, Gong et al., 2001) . A simulation of Braeburn at its conventional storage condition of 3 kPa O 2 , 0.7 kPa CO 2 at 1°C indicates that the O 2 concentration near the core attains a value of 0.178 kPa which was less anoxia than storage at ULO conditions (O 2 concentration reached 0.014 kPa at 1% O 2 , 2.5% CO 2 at 1°C). A predicted O 2 concentration near the core during a conventional storage of Kanzi at 2 kPa O 2 , 0.7 kPa CO 2 and 1°C was 0.6 kPa indicating that it is less susceptible to anoxia at low oxygen levels than Braeburn.
Note that the macroscale model described here considered the tissue as continuum. The diffusion properties, therefore were considered as apparent parameters incorporating both actual physical material constants and the micro-structure of the tissue. However, plant tissue has a cellular structure with air-filled pores and cells. This microscale topology will contribute to a large extent to gas transport in the tissue . Even large intracellular concentration gradients were found leading to a lower intracellular concentration compared with that calculated by the presented macroscale model (Ho et al., 2009 ).
Conclusions
The purpose of this article was to understand more fully the relationship between gas gradients in plant organs in relation to the metabolism and morphology that are dependent on genotype. A macroscale gas exchange model demonstrated the relationships and was used to investigate optimal postharvest conditions for apple fruit (cv. Kanzi, Jonagold, and Braeburn). Morphological effects were evident from the differences in diffusion properties of the different tissues (cortex and skin) of the fruits, as well as from the representative fruit shape and tissue composition. The metabolic features were incorporated by a non-competitive inhibition model of the respiration-fermentation metabolism, that was identified experimentally and caused gradients of oxygen and carbon dioxide in the fruits, even at ultralow oxygen concentrations in the storage environment. An in silico study then revealed that the strength of these gradients of metabolic gases depended on the respiration and diffusion properties of apple genotypes. Jonagold showed its potential for low oxygen storage while Braeburn indicated a risk of storage disorder development at the same condition compared to Jonagold and Kanzi due to the strong diffusion barrier of the cortex tissue. The approach is also valid for other plant organs, such as roots and leaves where there are concerns with responses to impeded aeration.
